Various combinations of zinc borate (ZB), alumina trihydrate (ATH) and magnesium hydroxide (MH) were used to retard the flammability of PVC composite. Flame retardancy of samples were investigated with limiting oxygen index (LOI) test. Further testing was achieved to expose the individual and synergistic effects of flame retardant additives on heat stability, Vicat softening temperature, fusion time, microstructure, mechanical and thermal characteristics. Microstructural and thermal analyses were performed by scanning electron microscopy and TG/DTA respectively. The LOI results showed that, high levels of ZB-ATH combination provided the highest LOI value of 53.4%. Although ZB and its combinations improved the fire performances of composites, they caused a small reduction at tensile strengths. When compared with plain PVC, flame retardant composites had better thermal stability. In addition to the advantages of ZB, when test results were evaluated with a holistic approach ZB-ATH-MH combination was understood to be an effective flame retardant alternative with this research.
Introduction
Poly(vinyl chloride) (PVC) is a widely used polymer especially in electrical and communication cables as a covering insulation and in domestic uses such as in window frames, doors, gutters, and house sidings. It has a high level of combustion resistance on the other hand, PVC is not a safe-material because of smoke and toxic gas (chlorine compounds, benzene and other aromatics) production characteristic while burning.
PVC actually retards fires both from starting and from spreading because of its flame-retardant nature. Not only the presence of chlorine within the polymer matrix, but also formation of a carbonized product as a consequence of rapid evolution of hydrogen chloride provides a protection from fire [1] . A carbonized product is believed to have both conjugated and crosslinked structures, which protect the polymer main chain while burning. PVC is a thermally unstable polymer and stabilization is required for processing. However, the higher level of "processing aid" and "impact modifier" addition to PVC causes the less flame-resistancy in the formulation [2] . The elements which are interrelated to flame-retardancy of polymers are boron, aluminium, phosphorus, antimony, chlorine and bromine [3] . The usage of these elements in polymers may remarkably affect the thermal, mechanical and electrical properties of the mixture [3, 4] .
The chemical compounds such as metal alloys, coordination compounds, inorganic and organic compounds are preferred as flame retardants for PVC [5] [6] [7] [8] . Inorganic fillers which are alumina trihydrate (ATH) and magnesium hydroxide (MH) play a dual role as flame retardancy and mineral reinforcement [9] . ATH and MH are relatively inexpensive and non-toxic additives on the other hand, their high levels for adequate flame retardancy often lead processing difficulties [10] . Boron-based flame retardants like zinc borates (ZB) carry some advantages. Due to the formation of a glassy protective layer by these additives at the condensed phases, the contact of unburnt polymer and flame region additionally the diffusion of the flammable gases occured during combustion are impeded [11, 12] .
In this research, various amounts of zinc borate, alumina trihydrate and magnesium hydroxide were selected as flame-retardant and their incorporation with PVC was investigated. The performances of the flameretardants on PVC composites were determined in terms of Limiting Oxygen Index (LOI), heat stability, Vicat softening point, mechanical and thermal properties. The main novelty of this study is, not only a comprehensive look to a commercial PVC product from the results of the applied tests but also an understanding of the synergistic effects of binary and triple combinations of flame-retardants in composite containing different types of additives. In this study, commercial PVC formulations comprise more than 6 different additives therefore the flame retardance of PVC composite is a complex issue and, here it was aimed to balance physical properties, thermal stability and flammability. 
Sample preparation
2500 g PVC, adequate amounts of additives and flame retardants (based on PVC amount) were mixed using a mechanical mixer (Der-San LB-20) (Table 1) . The temperature was set to 112 0 C and mixer was started operating at automatic mode. When the heater mixer temperature increased to 112 0 C, the bottom plug opened and the compound was automatically loaded into the cooler mixer. After left in the cooler for about 3 minutes, the compound was unloaded. PVC composites were prepared using a co-rotating twin-screw extruder. Zone temperatures of extrusion were increased to 180-185-190 0 C respectively, and 50 rpm screw speed was applied. At each formulation PVC samples with a sheet thickness of 1.2±0.1mm were obtained with the mold located at the end of the extruder. Torque values ranged from 11.5 to 13.3 Nm and melt pressures were approximately 6.5 MPa.
Limiting Oxygen Index (LOI) test
The limiting oxygen index (LOI) is the minimum oxygen concentration that supports combustion of a sample. When the measured value of LOI is high, the fire retardancy is also great. The LOI test is usually used for the comparison of the flammability of polymeric materials and for quality control purposes. In this study, ASTM D2863 standard test method [13] was used for determining LOI value of PVC composites possessing different amounts and combinations of flame retardants.
Mechanical tests
Mechanical properties of the PVC samples were determined in terms of "tensile strength" and "elongation at break" according to ISO 1421 [14] with a JINGMI WDT-W testing machine at room temperature. The operation was performed at 50 mm.min -1 . The tensile strength and elongation at break values of samples were calculated with the expressions given below:
Thermal properties
TG/DTA analyses of the composite samples were performed using a Perkin Elmer Diamond TG/DTA thermal analyzer. The measurements up to 600 0 C were achieved under N 2 flow. A uniform heating rate of 10 0 C/min was applied during the measurements. The system automatically converts DTA (mV) signals to DSC (Differential Scanning Calorimeter) units (mW) based on the heats of melting of high purity metal standards. Vicat softening temperature test was applied to composites according to TS EN ISO 306 standard [15] . The temperature at which a needle with a diameter of 1 mm 2 can enter the material under 10 N force is called the "vicat softening temperature of samples". Besides these tests, fusion time of PVC composites were also determined in the banbury mixer which was located instead of extruder. The operating conditions were 40 rpm and 195±0.1 0 C.
Oven heat stability test
Oven Heat Stability test was performed with the procedure described in ASTM D2115-04 [16] . According to the procedure, the relative thermal stability of sheet or molded PVC compounds were determined as discoloration due to exposure to an elevated temperature at controlled oven conditions. PVC sample was divided into 3 pieces. All of the pieces were placed in an oven at 180 0 C. Colour measurements of the pieces were achieved by using a spectrometer (Konica Minolta CM-A145) at the time intervals of 10 minutes.
Surface Morphology
The morphologies of PVC samples were investigated by Scanning Electron Microscopy (FlexSEM 1000) under high vacuum and without metal coating.
Ethical approval: The conducted research is not related to either human or animal use.
Results

Characterization of PVC composites based on flame retardancy
With the Limiting Oxygen Index test results, characterization of PVC composites were achieved in terms of flame retardancy. Table 1 shows the flame retardant content of each sample based on the PVC amount (phr stands for parts per hundred parts of polymer) and LOI values of samples. From Table 1 , it is seen that addition of flame retardants cause an increase in LOI comparing with plain composite (PVC0). On the other hand, higher results were obtained when ZB-ATH combination (at the 10 phr total level) and individual ZB (at the 5 phr level) were added to samples. ZB carries an important functionality against flammability and loses its crystalline water during fire. Therefore, released water dilutes the flammable gases, and acts as a heat sink, decreasing the temperature at the burning zone [17] . In another research, Ning and Guo reported that, the LOI of PVC/ZB-ATH was much higher than that of PVC/ZB and PVC/ATH [18] . Table  1 also shows the synergistic effects of binary combinations of flame retardants on LOI values namely; ZB addition to PVC2 (2 phr ZB+3 phr ATH), PVC3 (5 phr ZB+5 phr ATH) and PVC6 (2 phr ZB+3 phr MH) caused high flame retardancies compared to individual usage of MH (PVC4) and ATH (PVC 5) in composites. Additionally, multiple synergistic effects were observed in PVC7 due to ZB-ATH-MH and it can be mentioned that, this composite is also a good alternative to its counterparts like PVC4, 5 and 6.
Mechanical properties
Mechanical tests were achieved on PVC composites, Figure  1 and Figure 2 were prepared from the test data. According to Figure 1 , plain PVC has the highest tensile strength. The addition of ZB alone (PVC1) and with other flame retardants (PVC2,3,6 and 7) decreases the tensile strengths of composites. It was thought that, inhomogeneous ZB distribution and formation of ZB agglomerates cause weak zones in composite structure [17] . When the results of PVC1 (34 MPa) and PVC3 (32.8 MPa) are compared, it is seen that the increment of ZB amount in composite decreases the tensile strength of the sample. This can be a supporting outcome for the discussion made above. Moreover, although the individual ATH addition causes a high tensile strength (39.2 MPa) the synergism of ZB-ATH at high and low levels (PVC3 and PVC2) negatively affects the composite mechanical behaviour. Besides, this approach is not true for ZB-MH synergism (38.8 MPa) when it is compared with individual MH (37.8 MPa) result. Additionally, the multiple combination of ZB-ATH-MH (PVC7) overcomes the negativity at tensile strength and gives better result than PVC2 and PVC3. It can be concluded that, individual ATH, individual MH, ZB-MH and ZB-ATH-MH addition as a flame retardant to PVC provides close results with plain composite.
When Figure 2 is examined, it is seen that composites containing ZB (PVC1,2,3,6) exhibit better elongation values than other flame retardant composites. In a previous research, composites prepared with ZB had higher tensile modulus compared to neat PET and higher modulus value of the additive was the reason of this result [17] . All of the elongation at break values are less than plain composite on the other hand, individual ATH (PVC5), individual MH (PVC4) and ZB-ATH-MH synergism (PVC7) give the lowest values. The decreased elongation at break may be due to the higher degree of brittleness introduced by the incorporation of inorganic flame retardants and fillers into the PVC matrix.
Thermal characteristics of PVC composites
Effects of individual ZB and multiple ZB-ATH-MH contents on TGA thermogram of PVCs are given in Figure 3 . From Figure 3 it can be expressed that, the thermal degradation occurs in two stages. The thermal degradation in the first stage is mainly due to the evolution of hydrogen chloride. ZB containing bound 3.5 mol water removes at 250 0 C [19] . ATH starts to decompose in the range 180-220 0 C with the formation of 3 mol water and 1 mol alumina. It was reported to have thermal stability up to 220 0 C and phase transition from Al(OH) 3 to Al 2 O 3 between 250 0 C and 320 0 C [20] . Besides, between 280-460 0 C the degradation of cross-linking and/or degradation of polymeric backbone takes place (i.e. scission of the PVC main chain) [21] . Incorporation of small amounts of individual ZB reduces the thermal decomposition temperature in the first stage while multiple ZB-ATH-MH increases as shown in Table 2 . Second stage thermal degradation is related to the cyclization of conjugated polyene sequences to form aromatic compounds [18] . Second stage thermal decomposition temperature and amount of char residue increase with individual ZB and multiple ZB-ATH-MH.
It is observed that, PVCs containing individual ZB and ZB-ATH-MH combinations exhibit better thermal stability in terms of remaining mass and char residue percent up to 600 0 C. On the other hand, plain PVC shows thermal degredation at much lower temperatures and more weight loss with temperature. Figure 4 shows the DSC curves of PVC samples. The degradation of PVC is an endothermic reaction (Table 3) because the degradation process consists of elimination reactions and takes place as reverse to the organic addition reactions that can occur into the double bond of alkenes [22] . The degradation peak temperatures and heat of degradation of PVC samples were presented in Table 3 . Individual ZB reduced the degradation peak temperature whereas multiple ZB-ATH-MH content increased. Both individual ZB and ZB-ATH-MH combination decreased the heat of degradation of PVC.
PVC is a cost-effective plastic whereas its low heat resistance causes some challenges to use in different areas. Most PVC products are recommended for operating temperatures of 60 to 65 0 C (peak temperatures of up to 80 0 C) because at higher temperatures it begins to soften [23] . In this part, Vicat softening temperatures were determined to understand the effects of flame retardants to PVC composites. From Figure 5 it is seen that, the difference between the softening points of flame retardant composites and plain composite are not big. It is a desired result due to the restricted operating temperatures of PVC. When plain PVC composite is taken into consideration, individual MH (PVC4), individual ATH (PVC5), ZB-MH (PVC6) and ZB-ATH-MH (PVC7) combinations caused a small decrease at softening temperatures. On the other hand, individual ZB (PVC1) and high levels of ZB-ATH combination (PVC3) partially increased the softening temperature of composites.
The fusion characteristics of PVC composites were investigated as "fusion time". Fusion time is the time from the point of loading to the point of maximum torque [24] . It was determined for PVC samples at the processing temperature of 195±0.1 0 C. In order to obtain better mechanical properties, the grain boundaries of PVC must be eliminated and part of the microparticles must be destroyed so that they can be compacted. During further interfusion of the PVC, the boundaries between the submicroparticles disappear, and this is known as gelation, or fusion [25] .
In this part PVC processing temperature was selected as 195±0.1 0 C because it affects the degree of PVC gelation. If the processing temperature is too low, the degree of gelation (or fusion) is reduced. When the opposite takes place, degradation of PVC is observed. Table 4 presents the fusion time values of plain PVC and the flame retardant composites. The lowest fusion time was obtained when ZB-ATH-MH combination (PVC7) was used in composite. ZB-ATH-MH synergism helped the formation of the gelled 
Heat stability of PVC composites
Heat stability tests on PVC compositions and products carry importance in the practical contexts of processing and service. The method followed here shows the change of coloration in static conditions (standard oven aging) and the time to reach the dramatic change in colour, which is used as a measure of thermal stability. It should be mentioned that, it is not a measure of absolute thermal stability even though the observed colour changes may be evidence of degradation [16] .
In Table 5 
Microstructure by Scanning Electron Microscopy
The cross-section morphologies of PVC composites were observed by SEM and depicted in Figure 6a -d. There are observable pores in the microstructure of PVC0, PVC1 and PVC7. The middle part of micrograph 6c (not the huge porous side) shows the PVC1 composite and, at that part some fine constituents like filler and/or agglomerations of chemicals are present. At given magnifications in Figure  6a -b, no significant difference is observed between plain PVC (PVC0) and PVC containing ZB (PVC1). Additionally, SEM morphology revealed that PVC composites exhibited morphology of same structure (Figure 6a,b,d ).
Discussion
Adhering to the content of the commercial product, PVC formulations were prepared with fixed amounts of heat stabilizer, impact modifier, wax, pigment and filler. In this research only flame retardant type, amount and combinations were changed, the individual and synergistic effects of flame retardants were studied. Due to the PVC composite content made up of more than 6 different additives, the flame retardancy is a complex subject and usually requires of balancing flammability, heat stability, physical and thermal properties.
When flame retardancy characteristics of PVC composites were examined, it was seen that ZB addition to composite better prevented flammability. ZB-ATH, ZB-MH and ZB-ATH-MH combinations were determined as good alternatives to individual ZB as flame retardants in PVC. Both ZB, ATH and MH contain water of hydration which they release at a temperature below 450 0 C and dilute the combustible pyrolysis products. In the ZB-ATH synergism, HCl causes to release boric acid from ZB producing B 2 O 3 which can form a glassy layer sintering together the Al 2 O 3 remaining from ATH dehydration. So, this formed layer inhibit the oxidation of the formed char. ZB decreased tensile strength of composites, agglomerate formation may be the cause of this result. Synergism of ZB-ATH-MH provided higher tensile stregth than ZB-ATH combination. As opposed to the mechanical behaviour, ZB added composites had better elongation at break values. These outcome was valid also for ZB-ATH synergism.
Flame retardants slightly affected Vicat softening temperatures of composites compared to plain PVC. Besides, ZB and ZB-ATH combinations increased softening point. Fusion characteristics as fusion time showed that, ZB-ATH-MH synergism caused quicker gelation. Higher levels of ZB-ATH combination and ZB-MH also reduced fusion time of composites. ATH and MH are economical flame retardants, on the other hand MH has an advantage of better thermal stability. According to heat stability results, almost all of the flame retardants provided less colour change (less degradation) to composites than plain composite. ZB-ATH-MH combination in PVC improved thermal stability and caused more char residue up to 600 0 C. This combination increased the thermal degradation temperature and reduced the heat of degradation. Finally, when economical conditions and composite characteristics are considered together, ZB-ATH-MH combination can be recommended as an effective flame retardant to PVC instead of ZB.
